Abstract Tree improvement in Poland has been most advanced for Scots pine, but existing seed orchards have not been progeny-tested yet. We examined variation in growth traits-tree height at ages 4 and 8 years, and diameter at age 13 years-in the common garden experiment testing open-pollinated progenies of 31 seed orchards and 5 commercial seed stands (referred to as populations) at 5 locations. We also examined bud burst phenology at two to five sites at three growing seasons. At one experimental site during the 5th growing season, we measured shoot growth rhythm on all populations. Similar measurements of shoot growth were done on a subset of populations during the 6th growing season together with the analysis of needle growth and foliar chemistry. We found significant variation among populations in growth traits, but also significant population 9 site (G 9 E) interactions. We used the regression approach and ecovalence analysis to examine populations' performance stability. Most populations had average responsiveness to environment, and a set of least-responsive poor-growing populations contributed the most to the G 9 E interaction. Variation in bud burst phenology was associated with geographical distribution of tested progenies. The early bud-bursting populations originated from the north-eastern to north-central Poland, and a group of late bud-bursting populations originated mainly from the south-eastern region. Correlations between bud burst and growth traits were weak to medium and varied by site, but early bud-bursting populations tended to show stronger growth on height and diameter. We found significant differences among populations in final leader length, shoot elongation time and relative growth rate (RGR). However, RGR and shoot elongation time explained less than 30% of variation in leader length and were weakly correlated with tree height. Populations varied in needle length, specific leaf area and foliar nitrogen concentration, but time trends in these traits did not vary among populations or predefined groups of populations. Therefore, the analysis of growth rhythm or needle traits did not help resolve variation in tree growth to support selection decisions. Contrary to our expectation, progeny of seed orchards did not perform significantly better than that of commercial seed stands. This finding, however, should not be extrapolated beyond our set of populations. Nonetheless, the local seed sources were not always the best. From a selection standpoint, our results help culling the worst populations rather than selecting the best ones. Therefore, testing individual family progeny and genetic roguing of existing seed orchards is highly recommended.
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Introduction
Organized large-scale tree improvement programs have over 60-year-long history (Zobel and Talbert 1984) , but tree breeding is still in the early stages compared to advances in agriculture and horticulture. Tree improvement is based on selection, progeny-testing and breeding of selected material to increase productivity, improve quality or enhance resistance to pests and stresses. For example, it is estimated that volume production is between 10 and 30% higher when using improved versus unimproved planting material in pines (McKeand et al. 2003; Mikola 1991) , but these estimates will vary by species, selection intensity and geographic region.
Breeding is traditionally conducted in seed orchards that are established with vegetatively propagated trees. Firstgeneration seed orchards typically involve clones of trees that are selected based on superiority of their phenotype (plus trees). As information on genetic quality (breeding value) of selected parent trees becomes available, it is used for roguing the existing and establishing new next-generations seed orchards. Production of seeds in seed orchards allows to realize genetic gain from selection and to reduce cost of seed procurement. It also makes possible to use flower stimulation techniques for increasing seed production (Bonnet-Masimbert and Webber 1995; Chałupka 1991) . However, all operations have to be designed so that to secure cost-efficiency of a tree improvement program.
Tree improvement in Poland has been historically focused at a population level (Giertych 1999) . Among the major forest tree species, selection efforts are most advanced for Scots pine (Pinus sylvestris L.). Nevertheless, most of reforestation in Poland is attained with seeds produced either in commercial seed stands (cut at the time of good seed crop) or registered (permanent) seed stands. Seed orchard seeds have not been used adequately so far compared to their potential range of application. However, the existing Scots pine seed orchards have not been progeny-tested yet, and their genetic quality is generally unknown. Thus, it is necessary to assess performance of seed orchards' progeny, especially in comparison with the progeny of commercial seed stands.
Selection decisions are often complicated by the existence of genotype 9 environment (G 9 E) interaction (reviewed in Morgenstern, 1982) . If G 9 E is considerable, it may be advisable to group target environments into homogenous zones where each zone requires its own set of selections suitable for planting (Matheson and Cotterill 1990) . Thus, performance of genotypes involved in a tree improvement program should be estimated in a variety of possible planting environments.
In case of significant G 9 E interaction, additional stability measures are needed to assess genotype performance. Many methods have been developed for that purpose in the literature. Finlay and Wilkinson (1963) used the regression coefficient (b i ) of individual population means plotted against site means as an estimate of stability. Eberhart and Russell (1966) advocated the use of deviations from regression (s di 2 ) as an additional measure of stability. In the review of available statistics for phenotypic stability, Becker and Léon (1988) argue that b i is not strictly a stability measure, but rather a response parameter reflecting the responsiveness of a genotype to environmental conditions. To allow thorough analysis of phenotypic stability, they propose other parametric and nonparametric statistics (Becker and Léon 1988) . Information on ecovalence (W i ) (Becker 1981; Wricke 1962) supported with the analysis of b i , s di 2 and coefficient of determination (R 2 ) from the regression approach was used for the analysis of G 9 E interaction in many studies with trees (e.g. Isik and Kleinschmit 2003; Owino 1977; Shutyaev and Giertych 2000) . We adopted these methods in our study to assess stability of growth performance in tested progenies of Scots pine.
Populations of trees are in general adapted to their environments. Timing of bud burst is one of the adaptations allowing trees to avoid frost injuries to newly developing tissues from late spring frosts. If maladapted material is planted, repeated frost injuries may result in growth reductions and stem deformations. Genetic variations in bud burst timing have been found in large provenance experiments with Scots pine (Beuker 1994; Mátyás 1981; Steiner 1979a ) and other coniferous tree species (Beuker 1994; Prescher 1982; Rehfeldt 1982; St. Clair et al. 2005; Steiner 1979a, b) . This variability is often associated with climatic gradients within the species range. However, variation in bud burst can also be found at smaller geographic scales (e.g. Chmura 2006) , reflecting adaptations to fine-scale environmental variability. We investigated differences in bud burst in our study to better characterize variation among progeny of Scots pine seed orchards.
Classical plant growth analysis has been used to understand contribution of morphological and physiological components underlying variation in plant growth and productivity (Evans 1998; Poorter 1989a) . Relative growth rate (RGR) can be partitioned into its components-net assimilation rate (NAR, change in plant mass per unit leaf area per unit time) and leaf area ratio (LAR, leaf area per unit plant mass), and LAR can be further explained as a product of leaf mass ratio (LMR, proportion of leaf mass in total plant mass) and specific leaf area (SLA, leaf area per unit leaf mass) (Poorter and Garnier 1999; Poorter et al. 2009 ). Several techniques have been proposed in the literature for estimation of plant RGR (Hunt 1982; Poorter 1989b; Poorter and Garnier 1996) . Strong correlations were found between RGR and LMR and especially SLA in a set of widely varying woody plant species (Cornelissen et al. 1998) . Whereas analysis of NAR and LMR is laborious, the estimation of SLA is less time-consuming and could be easily included as a screening tool in tree improvement programs if strong enough association was found between SLA and tree growth. Because the interrelationships between SLA, leaf nitrogen concentration and carbon assimilation rates have been found in wide among-species comparisons (Reich et al. 1998a; Wright et al. 2004) , and between assimilation rate and RGR (Reich et al. 1998b) , it is of interest whether similar relationships exist within the species. In this study, we investigated variation in RGR, SLA and leaf nitrogen to determine whether the analysis of tree growth components would help explain growth differences between populations within the species. This paper describes the results from the replicated common garden field experiment testing progenies of Scots pine seed orchards and commercial seed stands in Poland. The main purpose of this study was to examine (1) the extent of variability in growth performance and phenology among tested progenies; (2) the extent of G 9 E interaction and stability of tested progenies in examined traits; and (3) the relationship between spring growth phenology and growth performance. In addition, we were interested (4) whether growth rhythm analysis helps to explain causes of differences in growth among tested populations. From a commercial standpoint, we hypothesized that the progeny of seed orchards would perform better in terms of tree height and diameter than the progeny of commercial seed stands.
Materials and methods

Plant material and experimental sites
The study tests the performance of Scots pine clonal seed orchards progeny in Poland. The bulk samples of openpollinated seeds were collected in 1997 from 34 seed orchards in Poland, further referred to as populations ( Table 1 ). The five progenies of commercial seed stands were also included in the experiment (Table 1; Chmura et al. 2003) . These stands represent local populations to the planting sites according to the existing seed transfer rules in Poland (Załęski et al. 2000) .
Because scions for seed orchard clones were collected according to the existing seed zonation in Poland, only seven seed orchards had unique sets of clones, and most populations in our study had at least some clones in common with other seed orchards. However, only two populations had their sets of clones completely overlapping with others-Sulechów 2 (17) had a subset of clones in Orneta (7) and Susz (19) seed orchards, and Le_ zajsk (33) had a subset of those in Sieniawa (31). The two latter populations also had some clones in common with seed orchards in Józefów (14) and Ś widnik (25), creating a spatial group of genetically related populations. The Zaporowo (8) and Kwidzyn 1 (22) seed orchards shared much of their clonal sets. The four seed orchards in Runowo (10-13) also had some clones in common among themselves, and a few with Gniewkowo (2) and Kwidzyn 2 (23). In such circumstances, it is very likely that progenies of some seed orchards were related. However, because seeds were collected as bulk samples, it was impossible to estimate family structure and to account for genetic relatedness in our populations. Nevertheless, even if some seed orchards had some clones in common, the inclusion of unrelated clones and different clone assignments within the orchards have created a possibility of new allelic combinations. Thus, the tested progenies were analyzed as separate populations (fixed effect, see Statistical analysis below), but comparisons among presumably related populations were also explored in more detail.
The The sites were established in spring 1999 in five completely randomized blocks with 39 plots per block at each site. Seedlots were randomly assigned to plots within blocks at each site. The 100 tree plots were planted in 5 rows of 20 seedlings in 1.5 9 0.5 m spacing (1.4 9 0.5 m in Choczewo). Because of insufficient number of seedlings, three populations were not represented at all as experimental sites; therefore, 36 populations common to all five planting sites were included in the analysis (Table 1) . Detailed description of experimental sites is given in Chmura et al. (2003) .
Measurements
The inventory data collected at all sites consist of measurements of tree height at age 8 years (2005) , and diameter at 1.3 m (DBH) during the 13th growing season (2010). Tree height at age 4 years (2001) was reported in Chmura et al. (2003) . First thinnings were done in 2005 (at age 8 years) in Janów Lubelski and Choczewo, and in 2010 (at age 13 years) in Kórnik. Therefore, survival was assessed only to the age of 8 years.
During the 5th growing season (2002), tree height growth rhythm was measured at the Kórnik site. The measurements started on March 20 (79th day of year) with the length of a dormant terminal bud and continued weekly until the end of shoot growth on July 10 (191 day of year). Measurements of growing shoots were taken with a ruler from a fixed point with a 1-mm accuracy. Seven to ten trees per population plot were measured in three blocks for the total of 1,070 trees. Total height of trees was measured after leader elongation was completed. Similar measurements of shoot growth rhythm were done during the 6th growing season (2003) on the subset of nine populations. The subset consisted of three groups by three populations that were selected based on their final shoot length from the previous year-long, average and short (Tables 1, 3 ). Measurements started on April 17 (107th day of year) and continued about bi-weekly until the end of shoot elongation on July 10 (191 day of year). Three trees per plot were measured for the total of 81 trees. The procedure was the same as above.
Shoot growth data were ln-transformed, and the Richards function (Causton et al. 1978; Richards 1959 ) was fit at the plot level. The Richards function is a four-parameter equation that describes well a nonlinearity of plant growth. Its properties and applications in plant growth analysis have been reviewed in Hunt 1982 . The validity of fitted model was judged based on the R 2 value and a distribution of residuals. The fitted parameters from Richards function were used to derive the final leader length and the weighted mean relative growth rate (RGR) (Causton et al. 1978; Hunt 1982) . The time when 10% (START DAY) and 90% (END DAY) of the final leader length was completed was derived from the graph, and the time distance between those two points was assumed to reflect shoot elongation time.
During the 6th growing season (2003), needles were collected on the above-mentioned subset of nine populations. Collections started on May 29 (149th day of year) and continued in weekly or bi-weekly intervals until November 27 (331st day of year). Needles from the middle of leader shoots were collected from 10 trees and combined into a plot-level sample. A sub-sample of 6 fascicles was taken for the measurements of needle length, projected area, and fresh and dry mass (after oven-drying at 65°C for at least 48 h to a constant weight). Specific leaf area (SLA, m 2 kg -1 ) was calculated based on a projected area that was measured with the WinRHIZO Ò software and a calibrated scanner (Regent Instruments Inc., Canada). A subset of needles were oven-dried, ground to fine powder and analyzed for nitrogen (N) and carbon (C) concentration with the Flash EA1112 NC analyzer (Thermo Finnigan). Needle N concentration was calculated on the mass and area basis.
Unfortunately, due to a sampling error, needles collected between June 18 and July 17 (3 collections) had to be discarded.
Spring bud burst phenology was assessed by observation of vegetative buds on a single occasion during a growing season when most plants burst their buds, and the differences among populations were most visible. This method has been shown to result in data that correlate well with estimates obtained from repeated observations (von Wuehlisch et al. 1995) and is particularly useful for quantifying the relative differences among tested populations. Phenology observations were taken in the 8-step scale (from 1-dormant bud to 8-expanding shoot) by a single observer at all sites on one tree row per plot in three blocks.
Observations were made at the beginning of the 3rd growing season (2000) 
Statistical analysis
The plot mean inventory data from all sites were subject to the analysis of variance according to the model:
where Y ijk is the plot-level mean; L i is the effect of ith site (i = 1,…,5); B j(i) is the effect of jth block within the ith site (j = 1,…,5); P k is the effect of kth population (k = 1,…,36); PL ik is the effect of interaction of kth population with the ith site; and e ijk is the error term. All terms except population were treated as random. Significance of the population term was tested with the F test against the interaction mean square, and the block(site) and population 9 site interaction terms were tested against residual mean square. Plot-level percent data on survival were arcsine-corrected before the analysis to ensure normality of distribution and equality of variance. To account for the possible effect of thinning on growth traits, we also performed the analysis of covariance with the number of trees per plot as a covariate. We found little discrepancies between ANOVA and ANCOVA results; therefore, only ANOVA results are presented. In case of significant population 9 site interaction in growth traits-tree height and DBH-we used the regression approach to analyze population stability. Means of individual populations at each site were regressed on site means, and for each population, we derived regression coefficient (b i ) (Finlay and Wilkinson 1963) , deviations from regression (s di 2 ) (Eberhart and Russell 1966) and the coefficient of determination (R 2 ). Further, the ecovalence (W i ) was calculated according to the formula given in Becker and Léon (1988) .
A modification of model 1 was used to test for differences between two categories of genetic units tested-seed orchards and commercial seed stands; the two categories were used instead of populations. To test for similarities among genetically related populations, we used the Ward clustering method (Everitt 1980 ) based on growth data (tree height and DBH) at the population level.
The analysis of parameters derived from the Richards function and needle traits was performed at a single site (in Kórnik) according to the model:
where Y jk is the plot-level mean; B j is the effect of jth block (j = 1,…,3); P k is the effect of kth population (k = 1,…,36); and e jk is the error term. Significance of all effects was tested with the F test against the residual mean square term. Time trends in needle traits measured at the Kórnik site in 2003 were analyzed using repeated measures mixed model REML (Restricted Maximum Likelihood) method to account for dependency among subsequent measurements. Populations, time of measurement and population 9 time interaction terms were treated as fixed effects, and the plots nested within populations were treated as random effect. The same analysis was performed for the predefined groups of populations.
To ensure normality of distribution and equality of variance, the plot mean values of bud burst were standardized within each site (plot mean minus the site mean divided by the site standard deviation). This procedure reduces variation among sites to zero. After standardization, the positive values indicate an earlier bud burst, and negative values indicate a later bud burst in standard deviation units. Separate analyses for bud burst were performed at each site and assessment period, according to model 2. The number of sites analyzed for spring phenology varied from 2 in 2000, to 4 in 2002 and 5 in 2003. Subsequently, populations were grouped with the Ward clustering method based on sites and assessment periods where differences among populations were significant (P B 0.05). Standardized values of the reciprocal of START DAY in 2002 at the Kórnik site were used as an approximation of spring growth phenology for the clustering and correlation analysis.
Analysis of Pearson correlation or linear regression was used where appropriate to examine relationships between traits, between years and across years and sites. All statistical analyses were done with the JMP 9.0.0 software (SAS Institute Inc., Cary, NC).
Results
Survival and growth traits
Survival at age 4 varied significantly among sites (P \ 0.0001) and was higher at the Kórnik site (91%) than at four other sites (72% on average), and also higher in Janów Lubelski (78%) and Wymiarki (74%) than in Gołdap (66%). Similarly, survival varied among sites at age 8 years, and again survival at the Kórnik site (88%) was significantly greater than at other sites. Survival in Janów Lubelski (67%) and Wymiarki (72%) was significantly greater than in Choczewo (50%) and Gołdap (50%). Population differences were significant only at age 8 years (P = 0.0004) when survival varied from 59% for population Miechów (21) to 73% for population Supraśl (1).
All sources of variation (see model 1) were significant for tree height at age 8 and DBH at age 13 (Table 1) . Results for tree height at age 4 were described in the earlier paper (Chmura et al. 2003) .
Site differences were significant for all the inventory traits (Table 2) . Mean values at Kórnik and Choczewo sites were significantly greater than at three other locations. Differences between sites with the greatest and poorest growth were as large as 44 and 53% for tree height at ages 4 and 8 years, respectively, and 43% for DBH at age 13 years (Table 2) .
Differences among populations were significant for tree height and DBH (Table 1) . However, significant population 9 site interaction terms indicate that performance of populations varied across test sites. Therefore, additional measures were used to assess population performance stability. The results from the analysis of regression coefficients (b i ) and ecovalence (W i ) were summarized in Fig. 1 , and deviations from regression (s di 2 ) and the coefficient of determination (R 2 ) values were given in Table 1 . The mean square for linear regression effect partitioned from the population 9 site interaction term was significant for tree height at age 4 and DBH at age 13 (P B 0.0083). The regression on site means gave a very good fit for most populations. The lowest R 2 values were noted for population Janów Lubelski (38; Table 1 ). For most populations, the regression coefficients (b i ) did not significantly differ from 1.0 (top-row panels in Fig. 1 ), indicating that these populations had average responsiveness to change in the environmental conditions. The analysis of W i values helps to identify populations with a large contribution to the G 9 E interaction as indicated at the bottom-row panels in Fig. 1 . When populations indicated with squares in Fig. 1 were excluded from the analysis, the interaction was effectively reduced, and the population 9 site effect was no longer statistically significant, except for tree height at age 4 years. A set of the most interactive populations varied slightly by trait and age, but overall populations from Miechów (21), Janów Lubelski (38) Runowo 1 (10), and Józefów (14) at the low end of the population ranking, and Supraśl (1) at the high end, contributed the most to the G 9 E interaction (Fig. 1) . The ecovalence values showed significant positive correlations with s di 2 (r from 0.73 to 0.87, P \ 0.0001, n = 36), but the s di 2 values were not significantly different from zero for any population (Table 1) .
Clustering of populations based on growth data resulted in only two relevant clusters. Values for Orneta (8) were close to those for Susz (19) , and values for Ś widnik (25) were close to Sieniawa (31; see Methods). The other presumably related populations were not clustered into uniform groups; thus, these results were inconclusive. Comparing growth performance among probably related populations, some differences were observed, although Site means connected with the same superscript letters are not significantly different for a given trait at the a = 0.05 in the Tukey-Kramer HSD test Fig. 1 Regression coefficients (b i ) and ecovalence (W i ) graphed against population means for tree heights at age 4 and 8 years and DBH at age 13 years. Each point represents a population mean based on results from five experimental sites. Dashed lines show overall means. Filled symbols show populations whose means were at least one standard deviation greater or smaller than the overall mean (numbers correspond to population identifiers in Table 1 ). In the toprow panels, diamonds and triangles indicate populations whose b i values were significantly greater or smaller than 1.0, respectively. In the bottom-row panels, squares indicate populations contributing the most to the G 9 E interaction never statistically significant. Population Runowo1 (10) performed relatively poorer compared with other related populations (Runowo 2-4 (11-13), Gniewkowo (2); Table 1 ). Similar results were observed for Józefów (14, tree height only) when compared with Świdnik (25), Sieniawa (31) and Le_ zajsk (33), for Sulechów 2 (17) when compared with Orneta (7) and Susz (19) and for Kwidzyn 1 (22) compared with Zaporowo (8, tree height only); Table 1 ).
In the analysis of two categories of genetic units, we found no significant differences between progeny of seed orchards and commercial seed stands in survival and measured growth traits. In addition, progeny of local commercial seed stands was not always the best for their planting sites. Only the population Wymiarki (39) and partially Choczewo (35) ranked high in terms of tree height and diameter at their local sites, whereas at other sites, the local seed sources were only average or even close to the bottom of the rank (Table 2) . In 2002, populations differed significantly in the final length of leader shoot and the weighted mean RGR. Trees in population Skierniewice (6) had the longest leader shoots-28 to 37% longer than in three populations with shortest leaders-Gołdap (36), Janów Lubelski (38) and Miechów (21 ; Table 3 ). Trees from population Miechów had significantly (P \ 0.05) shorter leaders than half of the tested populations and also had lower weighted mean RGR than the seven best-growing seed sources (Table 3) . Differences among populations were also significant for the shoot elongation time (Table 3) , and START DAY (P = 0.0001), but not END DAY (P = 0.0783).
In 2003, when only a subset of populations was measured, differences among populations were significant only for RGR (Table 3 ) and END DAY (P = 0.0373). In a comparison among the predefined groups, the only significant difference was found for the final leader length (P = 0.0031) where the mean of the ''long'' group was greater than the mean of the ''short'' group (see Table 3 ). The correlation between years 2002 and 2003 in growth rhythm traits was significant only for the leader length (r = 0.87, P = 0.0022, n = 9).
Needle growth, morphology and N concentration dynamics was assessed on a subset of populations in 2003.
No significant population 9 time or group 9 time interaction was found for needle length, needle dry mass, SLA or foliar nitrogen, meaning that time trends in these traits were the same for all sampled populations and predefined groups of populations (Fig. 2) . Population effect was significant only for the foliar N on mass (P = 0.0097) and area basis (P = 0.0145), but group effect was not significant for any needle trait.
Time had a significant effect (P \ 0.0001) on all needle traits analyzed. Final needle length and needle dry mass were attained on average by July 31 (day 212) and August 14 (day 226), respectively (Fig. 2) . Measurement from three collections was excluded from the analysis. However, half of the final needle length was attained before the period of exclusion by June 12 (day 163) for all populations in the subset (Fig. 2) .
Specific leaf area (SLA) declined from the maximum values at the first collection on May 29 (day 149) to the value of about 44% of the maximum attained at day 301 (October 28), and stayed at that level to the end of sampling period (Fig. 2) .
Needle nitrogen on mass basis declined from the maximum values at the beginning of sampling period on May 29 (day 149) to its lowest values on July 31 (day 212) when it was about 60% of maximum, and stayed at this level for at least 4 weeks until August 29 (day 241; Fig. 2 ). Subsequently, leaf N concentration increased to the level of about 75% of maximum on September 25 (day 268) and remained at this level to the end of needle sampling in November (Fig. 2) . On average, the population Supraśl (1) had lower foliar N concentration than trees from Bierzwnik (18) and Choczewo (35) .
Foliar N on area basis increased from the value of 3.13 (3.01-3.35) g m -2 (mean and 95% confidence limits) at first collection to 4.94 (4.76-5.13) g m -2 on September 25 (day 268), and continued to increase, although not significantly, to the end of sampling (final value 5.40; 5.20-5.61 g m -2
). On average, the population Supraśl (1) had a lower area-based foliar N than trees from Miechów (21), Bierzwnik (18), Janów Lubelski (38) and Sulechów 1 (16).
Relationships between growth rhythm variables, needle traits and tree growth Variation in the final leader length may arise from differences in growth rate, shoot elongation time or both. In our study, shoot elongation time explained more variation in leader length (R 2 = 0.27, P = 0.0013) than did RGR (R 2 = 0.21, P = 0.0042) in 2002. However, the negative relationship between shoot elongation time and leader length indicate that trees with shorter leaders tended to grow for a longer time. In 2003, correlations between shoot elongation time, RGR and leader length were weak and nonsignificant. Leader length was responsible for most of the observed variation in tree height at ages 5 (2002, R 2 = 0.75, P \ 0.0001) and 6 years (2003, R 2 = 0.77, P = 0.0019) at the Kórnik site. No other factors, such as RGR, shoot elongation time, START DAY or END DAY, showed a significant linear relationship with tree height in 2002. Similarly, in 2003, RGR was not a significant factor in the analysis of variation in tree height in our study. However, tree height was significantly correlated with the final values of SLA (r = 0.68, P = 0.0447, n = 9), START DAY (r = -0.74, P = 0.0214, n = 9) and foliar N on leaf area basis (r = -0.71, P = 0.0323, n = 9) in 2003. We found no significant correlation between any leaf trait (final values of SLA, leaf N, leaf length and leaf mass) and RGR at the population level. The shoot elongation time was more strongly related to START DAY (Pearson r = -0.90, P \ 0.0001, n = 36) than to END DAY in 2002 (r = -0.32, P = 0.0562, n = 36). In contrast, in 2003, correlation was strong and positive between shoot elongation time and END DAY (r = 0.82, P = 0.0071, n = 9), but not START DAY (r = 0.20, P = 0.6265, n = 9). The correlations between bud burst observations and growth traits were weak to medium. The highest value of Pearson r = 0.41 (P \ 0.0001, n = 180) was found between bud burst observation in 2003 (age 6 years) and tree height in 2005 (age 8 years) across all sites, indicating that early budbursting trees tended to show stronger height growth. The strongest correlations between spring phenology and tree growth were found at the Choczewo site for both tree height and diameter, whereas no significant correlation was found in Wymiarki. Fig. 2 Dynamics of needle length, specific leaf area (SLA) and leaf nitrogen on mass basis during the 6th growing season at the Kórnik experimental site. Means and standard errors (bars) for three predefined groups of populations at each collection time are shown (n = 9 per group at each point). The groups of populations were selected based on shoot growth measurements during the previous growing season. Data are presented in the original scale, but lntransformed data were analyzed Clustering of populations based on bud burst was performed using sites and years where population variation was statistically significant. The three outlier populations at the Kórnik site were not used in cluster analysis. Clustering revealed three groups of populations differing in bud burst, and those results were related to geographic distribution of populations, and possibly, to genetic relatedness between some of them. Figure 3 summarizes findings from the cluster analysis and presents average values of bud burst in standard deviation units for the three identified groups. The early budbursting populations originated from the north-eastern to north-central Poland. A group of late bud-bursting populations was located mainly in the south-eastern region, and four out of eight populations in this cluster were likely genetically related. The only early bud-bursting population in the southMiędzylesie (4)-was of montane origin. The western populations were intermediate, although two seed sources from that region [Nowogard 20 and Oborniki Śl. (27) ] fell into a group of late bud-bursting populations (Fig. 3) .
Discussion
Population variation in growth traits
In a network of five common garden trials, we found significant variation among tested progenies of Scots pine in terms of tree height and diameter throughout 13 years in the field. On average, the differences between the best and worst-growing population reached 24% (57 cm) for tree height at age 8 years, and 14% (8.4 mm) for diameter at age 13 years.
We did not find significant differences in growth traits between progeny of seed orchards and commercial seed stands in our experiment. This finding, contradicting our hypothesis, is quite surprising. However, because the population effect was fixed in the model used in analysis, this result should not be extrapolated beyond our dataset. The lack of expected superiority of seed orchards' progeny most likely resulted from a phenotypic (mass) selection only applied to the plus trees in this study. Those plus trees were clonally propagated and established in seed orchards. The orchards have not been progeny-tested and rogued, thus the level of genetic variation may be similar within such seed orchards composed of phenotypically selected trees and the seed stands that were also phenotypically superior among the stands in their regions.
However, the seed stands were far from being uniform in our study. For example, seed stand progenies from Wymiarki (39) and Choczewo (35) grew well or average, whereas progenies from Gołdap (36) and Janów Lubelski (38) grew poorly. In case of a lack of information on genetic value of populations, it is often safe to assume that local seed sources will perform well because of their adaptation to local environments. It is clear from our results that progenies of local seed stands not always grew best and were even among the worse (see Table 2 ). Thus, it is possible to find seed sources that grow better than the local ones, and replicated field tests are essential for discerning such differences.
Site variation in growth traits
The differences among sites in growth traits were highly significant and even greater than variation among the populations (see Tables 1, 2 ). In general, tree height is a good indicator of site quality, for example, used as a site index for site classification (Baker 1950) . Thus, site differences in tree height likely reflect variable site conditions in our study, especially at early age before the thinning. The first thinnings were done at age 8 years in Choczewo and Janów Lubelski. The improvement of site mean by both removal of the thinnest trees and the increased growth from release should be reflected especially in diameter growth. We found such an improvement at the Choczewo site, but not in Janów Lubelski (see Table 2 ). In fact, the Janów site had the lowest mean diameter, which together with rather poor tree height indicates particularly low growth potential at that site.
G 9 E interaction A statistically significant interaction in growth traits was found between tested progenies and experimental sites in Fig. 3 Average bud burst assessed in the common garden experiment with 36 Scots pine populations at five sites showed in standardized units. Means ± SD for groups of populations were: Group 1 = 0.75 ± 0.29, Group 2 = -0.14 ± 0.28 and Group 3 = -0.97 ± 0.29 (positive values indicate early bud burst and negative values indicate late bud burst). Numbers correspond to population identifiers in Table 1 . Shaded areas show boundaries of forest enterprises where seed orchards or seed stands were located and may only roughly indicate the area of origin of parent trees. White-filled triangles show approximate locations of experimental sites our study. This implies that populations performed differently across sites. Stability of performance may be one of the criteria for selection of varieties or populations. For example, one may select for stable populations that perform uniformly at a variety of sites or may be more interested in less stable populations that perform relatively better at more productive environments. These two strategies correspond to the static and dynamic concepts of stability, respectively (Becker and Léon 1988) .
The regression (Eberhart and Russell 1966; Finlay and Wilkinson 1963) and ecovalence analysis (Wricke 1962) were successfully used to analyze stability of performance in Norway spruce clones (Isik and Kleinschmit 2003; St. Clair and Kleinschmit 1986) and provenances (Burczyk and Giertych 1991) , provenances of Scots pine (Shutyaev and Giertych 1997; Shutyaev and Giertych 2000) and jack pine (Morgenstern and Teich 1969) and families of loblolly pine (Li and McKeand 1989; Owino 1977; Yeiser et al. 2001) . Those methods were also used in our study. The high and positive correlation between W i and s di 2 was consistent with findings in the literature (Becker 1981; Becker and Léon 1988) , but on the whole, we found little variation in measures of stability in our dataset. Only a few b i values were statistically significant, meaning that most populations in our dataset had average responsiveness to changes in the environment (Becker and Léon 1988) . The small variation in stability parameters may be a result of too small environmental variation among test sites (Eberhart and Russell 1966) , although this seems unlikely given the site differences discussed above. Thus, despite significant G 9 E interaction, most populations showed average stability across sites.
The general interpretation of graphs shown in Fig. 1 allows identification of populations suitable for selection. The regression coefficients were not different from 1.0 for most populations; thus, selection would be perhaps safer (less restrictive), than in the presence of more unstable seed sources. The ideal populations would fall into a bottom right-hand corner of the panels in Fig. 1 . Such populations would have a stable, above-average performance. However, the responsiveness of populations to environment varied by trait and age. Only one population stands out for both tree height and diameter-Supraśl (1), although it contributes relatively highly to the G 9 E interaction (see bottom panels of Fig. 1 ). Populations that should be considered for selection on tree height were Gniewkowo (5), Zaporowo (8) and Zdrojowa Góra (24), and for selection on diameter-Kwidzyn 1 (22) and IDPAN (34, see Fig. 1 ). There is also a group of populations with stable (b i \ 1.0) poor growth performance-Runowo1 (10), Miechów (21), Janów Lubelski (38) and Józefów (14) (see Fig. 1 ). This group of poor-performing populations seems to be relatively less responsive to improved environmental conditions. The deviations from site means for those populations were generally large compared with other seed sources, which is the reason for high W i values, indicating that these populations were responsible for most of the observed G 9 E interaction.
These findings have implications for selection, but they will help culling the worst populations rather than selecting the best ones. The population from Miechów (21) showed the poorest growth. That seed orchard represents Scots pine from high altitudes, thus adapted to harsh environmental conditions. Similarly, the poor performance of other two populations from the southeastern Poland [Józefów (14) and Janów Lubelski (38)], and only average at most performance of other populations from that region (Ś widnik (25), Sieniawa (31) and Le_ zajsk (33)-all genetically related to Józefów), indicate that use of seeds from these populations should be avoided, and these seed orchards should be used as gene banks only. A stably poor performance of population Runowo 1 (10) is surprising, given that other related populations [Runowo 2-4 (11-13), Gniewkowo (2)] showed better, although close to average, growth. This seed orchard had the fewest (31) clones within this group of related populations. Thus, its poor performance may reflect the effect of clone number and thus genetic diversity on progeny fitness.
Existence of G 9 E interaction has important implications for selection also in terms of the usefulness of test sites as selection environment. Large differences among sites (see above) and the variable performance of populations across sites suggest that our test locations should not be treated uniformly regarding to selection. We suggest that sites at Kórnik and Choczewo should be assigned to one group, Wymiarki and Janów Lubelski to the other, and the Gołdap site should be considered separately. The Kórnik and Choczewo sites are perhaps the best locations to select at, because they provide the greatest site quality, and population differences are best expressed there (White et al. 2007 ). Likely, the edaphic factor is predominant in this site distinction because those two sites were established on more fertile abandoned agricultural lands (Chmura et al. 2003) ; however, some climatic influences could not be excluded. Validity and generality of proposed site division should be further tested based on population productivity and detailed climatic and edaphic data.
Phenology, growth rhythm and needle traits Examined populations varied significantly in spring growth phenology. Large variation among populations in time to bud burst is usually noted in studies involving large geographic transfers of planting material (e.g. Oleksyn et al. 2001; Rehfeldt 1978) . Adaptation of growth rhythm to environmental conditions is often critical for survival and growth in forest trees. Observations of bud burst in our study were correlated well across sites and years, indicating that differences in spring phenology were genetically based, and the relative differences among populations were stable. We found a tendency of populations that originated from the sites of harsher climate in Poland to burst their buds early (see Fig. 3 ) compared to those originated from milder climates. Such a geographic pattern of variation in bud burst agrees well with the findings with more broadly distributed seed sources of Scots pine (reviewed in Giertych 1991). Interestingly, whereas one of the high-altitude populations in our study [Międzylesie (4)] was early budbursting, the other [Miechów (21)] fell into a group of late bud-bursting ones. The seed orchard in Miechów was established at a lower altitude than the origin of its clones. Consequently, such a result may reflect the maternal aftereffects similar to those observed in Norway spruce (Johnsen 1988; Johnsen and Skrøppa 1996; Skrøppa et al. 2007) . A possible genetic relatedness among progenies of some seed orchards in our study finds a reflection in the results of bud burst phenology, but fit well within a general pattern of variation in this trait (see ''Methods'' section and Fig. 3) .
Although phenological observations in our dataset were in general correlated, there was a weak correlation between bud burst observations and the estimates of bud burst derived from the growth curves at the Kórnik site (START DAY) in 2002. This was caused by three outlier populations that were late bud-bursting based on observations, but early bud-bursting based on START DAY. The likely reason for that apparent contradiction lays in the nature of the START DAY, which reflects not only phenology, but also growth rate and the final leader length (see also  Table 3 ). Overall, a positive correlation between bud burst phase and tree growth indicates that populations with relatively earlier bud burst showed stronger growth than late bud-bursting ones. The link between growth and phenology would be perhaps best explained in terms of volume production per unit area as an integration of tree growth and survival. However, we did not investigate volume growth, but assuming the tree height and diameter are good indicators of productivity, and given no significant negative relationship between bud phenology and survival, we conclude that early bud-bursting had no negative consequences for the investigated progenies of Scots pine. Testing bud burst data against relevant climatic indices (e.g. degree-days, mean annual temperatures at the origin site, number of frost-free days, etc.) to examine predictive power of climate-phenology relationships that would help better resolve population variation in our dataset is warranted.
The analysis of growth rhythm revealed a strong negative correlation between shoot elongation time and START DAY in 2002. Shoot elongation time in trees is usually more strongly and positively correlated with the end of a growing season than with the beginning (Chmura 2006; Skrøppa and Magnussen 1993; Ununger et al. 1988; von Wuehlisch and Muhs 1991) . Therefore, our finding from 2002 was unexpected, but not unusual; Ununger et al. (1988) found similar correlation for Norway spruce in one out of five examined growing seasons. However, the 2003 growth rhythm in our study likely represents more typical result in line with other studies in conifers.
Variation in growth rate and shoot elongation time have been found in forest trees provenance experiments involving wide geographic transfers (Oleksyn et al. 2001; Rehfeldt 1986a, b; Skrøppa and Magnussen 1993) . This variation is often related to climatic conditions at the site of origin. In Scots pine, for example, RGR was found to covary with mean annual temperature at the origin site, and variation in height growth among distinct groups of populations resulted from variation in both growth rate and shoot elongation time (Oleksyn et al. 2001 ). In our study, the examined populations varied significantly in leader elongation time and the relative growth rate, but we did not find any clear geographic pattern in these traits. Moreover, even accounting for variation in RGR and shoot elongation time, the large part of variation in leader length remained unexplained.
Differences among populations in plant or tissue nitrogen concentrations may reflect differences in the uptake and accumulation or nutrient-use efficiency. Significant variation among populations in provenance experiments was found in jack pine for seedling N concentration (Giertych and Farrar 1962; Mergen and Worrall 1965) and in Scots pine for needle N (Gerhold 1959; Reich et al. 1996) . These findings indicate that N concentration generally increases with increasing climatic harshness at the site of origin. We found differences in needle N concentrations among our populations, but no clear association between needle N on mass basis and tree growth. Moreover, there was no variation in time trend of foliar N or other leaf traits either among populations within the subset or among predefined groups of populations. Nitrogen dynamics in newly developed needles in our experiment is consistent with the annual N dynamics observed for Scots pine in other studies (Helmisaari 1990; Oleksyn et al. 2002 ). An initial decrease in mass-based N likely resulted from needle growth and dilution effect, because area-based N continued to increase in those needles throughout the sampling period. A discrepancy between mass and areabased needle N is explained by a decreasing time trend in SLA that may serve as a conversion factor (area-based N = mass-based N/SLA). In our study, the SLA and needle N on area basis showed significant correlations with tree height, but not with leader length or RGR. These findings suggest that there is no direct link between leaf morphology or chemistry and tree height growth. These attributes must be included in more detailed studies that integrate aspects of morphology and physiology with tree growth. From a practical point of view, we conclude that the observed variation in growth rhythm and its components was too small to support selection decisions.
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